T he arterial switch operation is the standard procedure for the repair of transposition of great arteries (TGA) in the current era. 1 Before the development of this procedure, rerouting of venous return by atrial inversion was the method of choice. In patients with a Mustard or Senning procedure, the right ventricle Background: Coronary flow reserve in the hypertrophied ventricle is reduced. One contributing factor may be the size of the proximal coronary arteries. In patients who undergo atrial inversion procedures for transposition of the great arteries, the left coronary artery supplies the pulmonary ventricle and may be smaller than the right coronary artery. We hypothesized that the dimensions of the coronary arteries may correlate with symptomatic status after atrial inversion and may be an important factor when these patients are considered for the arterial switch operation.
pumps to the systemic circulation, although it may not be well suited as a systemic pump because of several morphologic features. As long-term follow-up has become available in patients who previously underwent repair of TGA with a Mustard or Senning procedure, it has become clear that a substantial proportion of them have supraventricular arrhythmias, systemic atrioventricular valve regurgitation, and failure of the systemic right ventricle. 2 One management strategy that has been used in patients in whom systemic right ventricular failure develops after an atrial switch operation is left ventricular retraining by pulmonary artery banding, with a subsequent arterial switch operation. [3] [4] [5] [6] The sizes of the coronary arteries are linearly related to the size and thickness of the ventricles. 7 Accordingly, in hearts with concordant ventriculoarterial connections, the left ventricle is thicker and has more mass than the right ventricle; by contrast, in patients with TGA who have undergone an atrial inversion procedure, the right ventricle is thicker than the left. 8, 9 Several prior studies have demonstrated differences in coronary arterial diameter in patients with TGA in comparison with normal control subjects. 9, 10 We hypothesized that the sizes of the coronary arteries may correlate with symptomatic status after atrial inversion and may be an important factor in the success of ventricular retraining and arterial switch in such patients.
Methods
Patients. Three groups of patients were studied: those with symptomatic TGA (n = 9), those with asymptomatic TGA (n = 10), and normal control subjects (n = 10). Defining characteristics of each group are as follows: All patients with symptomatic TGA had undergone an atrial inversion procedure for TGA and had been referred for ventricular retraining and an arterial switch operation to the University of California, San Francisco, from 1993 to 1998. These patients had moderate to severe dysfunction of the systemic right ventricle and moderate or severe tricuspid regurgitation. They were in New York Heart Association (NYHA) class III or IV. Strict quantitative physiologic criteria for inclusion in this group were not applied.
All patients with asymptomatic TGA had undergone an atrial inversion procedure, had normal function or only trivial dysfunction of the systemic right ventricle, and had no more than trivial tricuspid regurgitation. These patients were in NYHA class I or II. They underwent cardiac catheterization for hemodynamic evaluation from 1993 to 1998.
All control patients had normal segmental cardiac anatomy with normal ventricular function and underwent cardiac catheterization either for suspected anomalous coronary artery or for evaluation of the coronary arteries several years after being treated for Kawasaki disease, from 1993 to 1998. In all of the control patients, the coronary arteries were found to be normal.
A right-dominant coronary arterial system was present in all 3 groups, without any evidence of stenosis. Mean age and body surface area did not differ between patients in the 3 groups (Table I) .
Angiographic measurement of the coronary arteries. The diameters of the proximal right and left coronary arteries were measured off-line from selective coronary arterial or aortic root angiograms by an experienced pediatric cardiologist who was unaware of patient grouping. Each coronary artery was measured twice, 5 mm from its aortic origin, with the average of the 2 measurements recorded for analysis.
Data analysis. Diameters of the right and left coronary arteries were indexed to body surface area. The ratio of indexed right to indexed left coronary artery diameters was then calculated. Demographic variables, the absolute and indexed coronary artery diameters, and right to left coronary artery diameter ratios were compared among the 3 groups with the use of general factorial analysis of variance. Absolute and indexed left and right coronary artery diameters were compared within each group by means of paired t test analysis. Data are presented as mean ± standard deviation.
Results
Right coronary artery. The absolute diameter of the right coronary artery was significantly larger in patients with symptomatic and asymptomatic TGA than in controls (Table I) . There was no difference in the absolute diameter of the right coronary artery between patients with symptomatic and asymptomatic TGA.
The diameter of the right coronary artery indexed to body surface area (right coronary artery index) was significantly larger in patients with symptomatic TGA than in either patients with asymptomatic TGA or in control patients (Fig 1, A) . It was also larger in patients with 2.9 ± 0.7 3.6 ± 0.5* 3.5 ± 0.3* RCA, Right coronary artery; LCA, left coronary artery. All significant (P < .05) statistical differences by general factorial analysis of variance are indicated: *P ≤ .01 versus symptomatic TGA. †P ≤ .01 versus asymptomatic TGA. ‡P < .001 versus LCA (same group). asymptomatic TGA than in control patients (Fig 1, A) . Left coronary artery. The absolute diameter of the left coronary artery was significantly smaller in patients with symptomatic TGA than in either patients with asymptomatic TGA or in control patients, between whom there was no significant difference (Table I) .
The diameter of the left coronary artery indexed to body surface area (left coronary artery index) did not differ significantly between any of the groups (Fig 1, B) .
Relative size of the right and left coronary arteries. In patients with symptomatic TGA, the absolute and indexed diameters of the right coronary artery were significantly larger than those of the left coronary artery (Table I, Fig 2) . In patients with asymptomatic TGA, there was no significant difference between the absolute diameters of the right and left coronary arteries or between the right and left coronary artery indices (Table I, Fig 2) . In control patients, both the absolute and indexed diameters of the right coronary artery were significantly smaller than the absolute and indexed diameters of the left coronary artery (Table I, Fig 2) .
The ratio of right coronary artery index to left coronary artery index was significantly larger in patients with symptomatic TGA than in either patients with asymptomatic TGA or in control patients (Fig 1, C) . The right-toleft coronary artery index was larger in patients with asymptomatic TGA than in control patients to a degree that approached significance (Fig 1, C) .
Discussion
For patients undergoing primary arterial switch, 10year survival is greater than 90%. 1 In contrast, early and late mortality in patients who undergo ventricular retraining and arterial switch after an atrial inversion procedure is relatively high. 3, 4, 6 Mavroudis and Backer 3 recently published a series of 11 patients who underwent pulmonary artery banding in preparation for conversion to an anatomic repair. Six of these patients were reported to undergo an arterial switch operation, with 2 deaths. Biventricular failure developed in 4 of the remaining patients, and they later received a heart transplant. Similarly, in the series reported by Prieto and associates, 6 there was a 20% early mortality and a 20% late mortality associated with conversion of a Mustard or Senning procedure to an arterial switch. In addition, there seems to be a high dropout rate after pulmonary artery banding, with patients being listed for cardiac transplantation. 3, 4 Several factors may be responsible for the poor outcome in some patients in whom ventricular retraining and arterial switch is attempted. Conversion to an arterial switch is typically planned in these patients when they are in NYHA class III or IV because of systemic ven-tricular failure and systemic atrioventricular valve regurgitation. Thus, these patients are frequently already sick. Before conversion to an arterial switch configuration in patients without left (pulmonary) ventricular outflow Amin et al 1049 Banding is necessary because the wall thickness of the left ventricle is 60% to 80% of normal and the cavity diameter is 66% to 83% of normal as a result of the decreased afterload that the left ventricle faces in the pulmonary circulation. 11, 12 The purpose of pulmonary artery banding is to increase the afterload faced by the left ventricle in an effort to stimulate the acquisition of sufficient mass to serve the systemic circulation. It is not clear, however, whether this process of retraining imparts to the ventricle a hypertrophic response that will be sufficient to adapt to systemic afterload over the long term. Poor outcome in some patients is likely the result of inadequate acquisition of mass or otherwise ineffective adaptation to increased afterload.
Among the reasons that some patients with a failing atrial inversion procedure do not tolerate pulmonary artery banding and arterial switch may be decreased coronary flow reserve. Coronary flow reserve-in simple terms, the difference between autoregulated and maximally vasodilated coronary blood flow-is reduced in the hypertrophied ventricle. [13] [14] [15] The causes of decreased coronary flow reserve include decreased myocardial capillary density, 16 increased extravascular forces that may impede flow through the coronary vessels, 17 coronary ostial narrowing, 18 and the size of the large coronary arteries. 19, 20 In patients undergoing pulmonary artery banding and arterial switch, the size of the coronary arteries may be an important factor in limiting blood flow to the left ventricle. This is true especially when pulmonary artery banding is applied to increase left ventricular afterload and stimulate the acquisition of mass. Previous studies have shown that the coronary arterial response to ventricular hypertrophy is influenced by age of the patient, abruptness of the increased load, ventricular morphology (right vs left), and the presence or absence of ventricular failure. 14, 21 A small left coronary artery in patients who have undergone atrial level repair of TGA may contribute to decreased coronary flow reserve and subsequently inadequate retraining or chronic insufficiency of the left ventricle once it is forced to support the systemic circulation. It is known that the diameter of the coronary arteries is linearly related to the size and thickness of the ventricles 7 and that in normal hearts the left coronary artery is larger than the right. Consistent with the relation between ventricular mass and coronary artery size, the left coronary artery is smaller in patients with unrepaired TGA than in patients without TGA. 9 Interestingly, several reports have shown that the left coronary artery may remain smaller after the arterial switch operation. 9, 10 Increased left ventricular afterload after pulmonary artery banding increases left ventricular pressure and may restore the interventricular septum to a more normal configuration. However, although there is adequate hypertrophy after acutely increased left ventricular afterload by pulmonary artery banding in early infancy, when myocyte hyperplastic activity is still present, 19, [22] [23] [24] it is not clear whether microvascular coronary arterial density increases commensurately with myocyte hypertrophy in older patients. The ventricular hypertrophy that does occur may not be functionally adaptive. If microvascular coronary arterial density does not increase despite the acutely increased afterload, the larger coronary arteries may not be stimulated to dilate. In the face of increased left ventricular oxygen demand, patients may have a decrease in coronary flow reserve that prohibits the ventricle from supporting the increased afterload adequately. It is notable that left coronary artery size was smaller in patients with symptomatic TGA than in asymptomatic patients or control patients in our series.
Another interesting finding of the present study was that the right coronary artery in symptomatic patients was significantly larger than in patients with asymptomatic TGA or in control patients. As was found in the present series, the right coronary artery is larger than normal in patients who have had an atrial inversion procedure (even those without right ventricular failure), both in absolute terms and in relation to the size of the left coronary artery, because the right ventricle is thicker than the left ventricle. 9 The even greater discrepancy in patients with ventricular dysfunction is likely a symptom of ventricular failure rather than a cause. Enlargement of the proximal right coronary artery may occur as the ventricle dilates in the face of atrioventricular valve regurgitation and/or pump failure, with the resulting increase in right ventricular oxygen demand. Another possible mechanism may include occult subaortic right ventricular outflow tract obstruction, which has been observed in patients with TGA, 25 or possibly elevated pressure in the coronary sinus, which drained to the pulmonary venous pathway in all of our patients.
The interventricular septum plays an important role in the function of the right ventricle. Systemic pressure in the right ventricle makes the septum bulge toward the left ventricle. This pulls the chordae, which are attached to the septum, and causes tricuspid regurgitation. When pulmonary artery banding is performed in such patients, the septum is displaced toward the right ventricle and hence the tricuspid regurgitation improves. The anterior interventricular septum is supplied by the left anterior descending coronary artery, which is a branch of the left coronary artery. We speculate that the blood supply to the interventricular septum is compromised in patients who have a failing systemic ventricle. After pulmonary artery banding, the blood supply to the septum is further compromised, which may explain why some patients have undergone cardiac transplantation after banding. 3, 4 In conclusion, we have found that the right coronary artery is larger in patients with TGA than in normal control patients and larger in patients with a failing systemic right ventricle than in those with intact ventricular function. The left coronary artery also appears to be smaller in patients with ventricular failure after atrial inversion than in those without. These differences in the sizes of the proximal coronary arteries may be related to symptomatic status in patients with TGA who have undergone an atrial inversion procedure and may have implications for the efficacy of ventricular retraining. When pulmonary artery banding and subsequent arterial switch are considered for patients with a Mustard or Senning procedure and a failing systemic right ventricle, the size of the left coronary artery may be an important factor to consider and should be evaluated with preoperative imaging studies. Additional studies will be necessary to further explore this issue.
Study limitations
This study has some limitations. We were not able to obtain data on myocardial mass in all of the symptomatic patients, because of the retrospective nature of the study. A future prospective study will be able to address some of the questions that remain unanswered.
